The first haematopoietic stem cells share a common origin with the dorsal aorta and derive from putative adult haemangioblasts in the dorsal lateral plate (DLP) mesoderm. Here we show that the transcription factor (TF) stem cell leukaemia (Scl/Tal1) is crucial for development of these adult haemangioblasts in Xenopus and establish the regulatory cascade controlling its expression. We show that VEGFA produced in the somites is required to initiate adult haemangioblast programming in the adjacent DLP by establishing endogenous VEGFA signalling. This response depends on expression of the VEGF receptor Flk1, driven by Fli1 and Gata2. Scl activation requires synergy between this VEGFA-controlled pathway and a VEGFA-independent pathway controlled by Fli1, Gata2 and Etv2/Etsrp/ER71, which also drives expression of the Scl partner Lmo2. Thus, the two ETS factors Fli1 and Etv6, which drives the VEGFA expression in both somites and the DLP, sit at the top of the adult haemangioblast gene regulatory network (GRN). Furthermore, Gata2 is initially activated by Fli1 but later maintained by another ETS factor, Etv2. We also establish that Flk1 and Etv2 act independently in the two pathways to Scl activation. Thus, detailed temporal, epistatic measurements of key TFs and VEGFA plus its receptor have enabled us to build a Xenopus adult haemangioblast GRN.
INTRODUCTION
Bone marrow haematopoietic stem cells (HSCs) that sustain adult blood production are created during embryogenesis. In the mouse, HSC activity is first detected in the aorta, gonads and mesonephros (AGM) region of mid-gestation embryos (reviewed by Medvinsky et al., 2011) . Recent tissue imaging and molecular analysis have revealed that HSCs are generated from specialised endothelial cells that acquire blood potential, the haemogenic endothelium, and are localised in the ventral wall of the single medial dorsal aorta (DA) (reviewed by Medvinsky et al., 2011) . The intimate association between the DA and HSC ontogeny is conserved throughout vertebrate evolution, including in model organisms such as the zebrafish and Xenopus (reviewed by Ciau-Uitz et al., 2010a) . In addition, the signalling events involved in the specification of the DA also play crucial roles in HSC generation Ciau-Uitz et al., 2010b) . Thus, a better knowledge of the origins and development of the DA could greatly enhance our understanding of the generation of HSCs in vivo.
The DA derives from lateral plate (LP) angioblasts that, in the mouse and the chick, assemble initially to form bilateral vessels, the paired dorsal aortae, on either side of the midline. The paired dorsal aortae subsequently fuse at the midline to create the DA (Garriock et al., 2010) . The LP origin of the DA has been further confirmed by lineage labelling using a HoxB6-Cre line, crossed with a Rosa26 reporter line, that uses the LP enhancer element of HoxB6 (Wasteson et al., 2008) . Using this transgenic line, it has been demonstrated that all DA endothelial cells of the mid-gestation embryo and adult mouse derive from LP mesoderm (Wasteson et al., 2008; Zovein et al., 2010) . Importantly, it was also determined that virtually the entire bone marrow haematopoietic system derives from the LP (Zovein et al., 2010) . However, neither the exact location of the DA mesodermal precursors in the LP nor their genetic programming is known.
In zebrafish and Xenopus embryos, we and others have previously described bilateral populations of LP mesodermal precursors that contribute to the DA and HSCs (reviewed by CiauUitz et al., 2010a) . In the zebrafish, these precursors are intermingled with haemangioblasts that differentiate into primitive blood, hampering their characterisation at this stage of development. By contrast, in Xenopus embryos, the DA LP precursors and embryonic blood emerge in separate anatomical locations and their ontogeny is distinct (Ciau-Uitz et al., 2000) . This clear anatomical separation offers a unique opportunity for the genetic characterisation of the earliest precursor of the DA and HSCs.
Transplantation experiments carried out in Xenopus embryos have shown that HSC precursors are localised exclusively in the dorsal lateral plate (DLP) mesoderm proximal to the pronephros (Maeno et al., 1985a; Maeno et al., 1985b) . Furthermore, lineagelabelling experiments have demonstrated that the DLP and blood vessels are patterned in an anterior to posterior manner, in which more anterior vessels derive from more dorsal blastomeres of the 32-cell stage embryo (Mills et al., 1999) . Thus, the DLP proximal to the pronephros originates from medial blastomeres and gives rise to the DA encompassing the trunk, the site where HSCs emerge in the Xenopus embryo. By contrast, the DLP distal to the pronephros originates from more ventral blastomeres and gives rise to the tail artery, which does not produce HSCs (Mills et al., 1999; Ciau-Uitz et al., 2010a) . Additionally, we and others have previously shown that the DLP, immediately adjacent to the ventral edge of the developing somites, contains cells co-expressing haematopoietic and endothelial genes; and that cells from the DLP migrate to the RESEARCH ARTICLE The adult haemangioblast GRN midline to coalesce and form the DA and, eventually, give rise to haemogenic endothelium and HSCs (Cleaver and Krieg, 1998; Ciau-Uitz et al., 2000; Walmsley et al., 2002) . However, how these adult haemangioblasts are programmed is poorly understood. We have previously shown that BMP signalling is involved in their development (Walmsley et al., 2002) , although the timing of that input is unknown. We have also shown that members of the ETS family of transcription factors (TFs), namely Fli1 and Etv6, are key players in the establishment of the adult haemangioblast programme Ciau-Uitz et al., 2010b) . However, although our data place Fli1 at the top of the genetic hierarchy, the position adopted by Etv6 is less clear. We have shown that Etv6 drives VEGFA signalling, both cell-autonomously and non-cellautonomously in the somites (Ciau-Uitz et al., 2010b) , but which of these acts first, how they interact and how they impact on the programme are unknown. Finally, how all these inputs relate to each other and to other key regulators, such as Scl and Lmo2, needs to be understood.
In this work, using Xenopus as a model, we establish the genetic cascade specifying the emergence of adult haemangioblasts and build a gene regulatory network (GRN) for the programming of these cells. This GRN shows that paracrine VEGFA signalling from the somites acts early and is essential for the establishment of VEGFA signalling in the adult haemangioblast precursors and therefore that the somites act as a signalling centre essential for the initiation of the specification of the HSC lineage. Once autonomous VEGFA signalling is established, synergism with a cellautonomous, VEGFA-independent cascade regulated by Fli1, Gata2 and Etv2 is required to achieve Scl expression and adult haemangioblast programming. This GRN highlights unique functions for three members of the ETS family of TFs. Importantly, we show that Etv6 in the somites and Fli1 in lateral plate mesoderm sit at the top of the transcriptional cascade specifying the adult haemangioblast. We also show a dynamic temporal regulation of the key haematopoietic factor, Gata2, which is dependent on a relay of ETS TF activity, as it is initially activated by Fli1 but later requires Etv2 for its maintenance. We also demonstrate that a key function of Etv2 is to regulate the Scl transcriptional partner Lmo2. The GRN reveals that Etv2 and Flk1 act independently during adult haemangioblast programming, an issue that has been somewhat contradictory in the literature.
MATERIALS AND METHODS

Morpholinos
All morpholino oligonucleotides (MOs) were obtained from Gene Tools, LLC. MOs were used as follows: 20 ng/embryo of Scl MO (5Ј-TGTCTGTGCCCGGTCTCTCCATCAT-3Ј, targeting the translation initiation ATG); 40 ng/embryo of Etv6 MO (Ciau-Uitz et al., 2010b) , 60 ng/embryo of Flk1 MO (Ciau-Uitz et al., 2010b) , 25 ng/embryo of VegfA MO (Kälin et al., 2007) , 25 ng/embryo of Etv2 MO (Salanga et al., 2010) , 50 ng/embryo of Fli1 MO (Inui et al., 2006) and 50 ng/embryo of Gata2 MO (Dalgin et al., 2007) . Scl MO was injected into the VMZ of four-cell stage embryos; all other MOs were injected into both blastomeres of the two-cell stage embryo. Two more MOs targeting Scl were designed: 5Ј-CTCTCCCCTCCTACTGACACTTTAC-3Ј (Scl MO2), which largely overlaps with Scl MO but contains one more mismatch (supplementary material Fig. S2A) ; and 5Ј-TCTCCATCATCTTTAGGGACATTGC-3 (Scl MO3), which has a target sequence overlapping the ATG but encompasses an area poorly conserved between the two Scl alleles (supplementary material Fig. S2A ). These MOs produced no phenotype and were used as control MOs (data not shown). Specificity of the Etv6 MO was confirmed by injection of a second MO targeting the UTR (Ciau-Uitz et al., 2010b) ; the phenotype was also rescued with either injection of exogenous VegfA mRNA or Etv6 mRNA resistant to the MOs. VegfA MO specificity was assessed using a previously reported five mismatches MO (Kälin et al., 2007) , which gave no phenotype, and the MO phenotype was rescued with exogenous VegfA mRNA. The Flk1 MO phenotype is indistinguishable from the VegfA MO phenotype and its effects could not be rescued by exogenous VegfA mRNA, indicating that VEGFA could only signal through this targeted receptor. Etv2 MO was controlled by injection of a previously reported mismatch MO, which gave no phenotype (Salanga et al., 2010) ; additionally, a second partially overlapping MO (Neuhaus et al., 2010) produced an identical phenotype. The starting ATG codons for the two alleles of Gata2, as well as their 5Ј UTRs, are not conserved and therefore the two alleles were targeted with specific MOs. Thus, for Gata2 depletion, these two MOs were co-injected; injection of a single MO, targeting only one allele, produced no phenotype, indicating a high degree of targeting specificity. We were unable to rescue Gata2 morphants with Gata2 reexpression owing to the embryos' high sensitivity to exogenous Gata2 mRNA.
Embryo manipulation, in situ hybridisation procedures and western blot analysis
Wild-type Xenopus laevis embryos were obtained and cultured as described (Walmsley et al., 2005) and staged according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1967) . Embryo microinjection and whole mount in situ hybridisation was performed as previously described (Walmsley et al., 2005) . Before photography, embryos were cleared in benzyl benzoate:benzyl alcohol (2:1). Phenotypic analysis and interpretations were based on gene expression changes observed in the DLP proximal to the pronephros, the region from which HSC precursors originate (Maeno et al., 1985a; Maeno et al., 1985b) . For details of probes used see supplementary material Table S1 . Probes have been deposited into the European Xenopus Resource Centre, University of Portsmouth, UK. Protein extraction and western blot analysis were as previously described (Afouda et al., 2005) ; Scl protein was detected using an anti-Scl antibody from Santacruz, Tal1(C21) (Cat. No. SC12984), at a 1:1000 dilution. Network schematics were generated using Biotapestry and figures were prepared using Photoshop. All animal work was carried out according to UK Home Office regulations under the appropriate project licence.
Cloning and rescue experiments
Gata2FL-GR-HA was made by amplifying full-length Gata2 (GenBank accession no. BC108544) with the primers indicated in supplementary material Table S2 and fusing it to the hormone-binding domain of human glucocorticoid receptor (GR) by inserting it into the BglII site of pSP64T-GR (Tada et al., 1997) . To generate mRNA for injections, Gata2FL-GR-HA was linearised with BamHI and transcribed with SP6 RNA polymerase using the mMESSAGE mMACHINE Kit (Ambion). Gata2FL-GR-HA (100 pg) was co-injected with Fli1 MO at the two-cell stage and activated with Dexamethasone (10 µM final concentration) at the desired stage of development.
RNA extraction and qPCR analysis
Total RNA from stage 26 excised DLPs was extracted using TRI Reagent (Sigma) and purified using the RNeasy Micro Kit (Qiagen). cDNA synthesis, SYBR green (Applied Biosystems) qPCR, data collection and analysis were performed as previously indicated (Ciau-Uitz et al., 2010b) . Primers used are indicated in supplementary material Table S2 .
RESULTS
Expression profile of adult haemangioblasts in the DLP mesoderm
In Xenopus embryos, the DA and HSCs derive from precursors migrating from the DLP (Fig. 1G) (Cleaver and Krieg, 1998; CiauUitz et al., 2000) and the DLP contains a discrete cell population co-expressing blood and endothelial genes (Fig. 1A) (Walmsley et al., 2002; Ciau-Uitz et al., 2010a) as well as VegfA (supplementary material Fig. S1C ). To further characterise these adult haemangioblasts, expression of key blood and endothelial genes, as well as markers for haemogenic endothelium and mature blood and endothelium, was analysed ( Fig. 1; supplementary material Fig. S1 ). In addition to the blood and endothelial genes previously reported (Walmsley et al., 2002; Ciau-Uitz et al., 2010a; Ciau-Uitz et al., 2010b) in the DLP (Fli1, Gata2, Flk1, Etv6, VegfA, Scl, Lmo2, Flt4, Flt1, Erg1 and Hex) , we found that the TFs, Etv2, Lyl1, Elk3, Sox7, Fli1-like and CBFβ, together with the transmembrane proteins, Egfl7 and Tie2, are also expressed in the DLP (Fig. 1B) . By contrast, neither the early mesodermal marker, Brachyury, nor genes expressed in mature erythrocytes (Gata1, Globin, BiKlf, Gfi1b,
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Development 140 (12) Fech, Eto2 and Fog; Fig. 1C ) or mature endothelium (CD31, AA4, Ami, Klf2, Vecad and VWF) are expressed in the DLP (Fig. 1D) . Similarly, some ETS TFs known to be involved in blood or endothelial development (Ets1, Ets2, Elf1, Elf2, Elf3, Etv7 and Elk4) are also absent in the DLP (supplementary material Fig. S1A ). Furthermore, HSC/haemogenic endothelium genes, such as Runx1, SpiB, Gfi1a, cMyb and Ikaros (Fig. 1E ), are not expressed in the DLP nor are CD41 or CD45, which mark haematopoietic commitment (Fig. 1F ). All negative probes gave positive signals in other tissues (supplementary material Fig. S1B ), sometimes in costained embryos. In summary, the DLP expression profile strongly supports the view that this Flk1+ cell population represents haemangioblasts rather than haemogenic endothelium or committed/differentiated endothelial or blood cells because these cells do not express essential HSC/haemogenic endothelium genes, such as Runx1 and CD41, nor genes expressed in mature endothelium (Vecad, CD31, VWF) or mature blood cells (Gata1 and Globin). These adult haemangioblasts localise immediately adjacent to the somites (Fig. 1Gi ,ii) and subsequently give rise to angioblastic progenitors no longer expressing blood genes (Scl, Gata2 and Lmo2) (Ciau-Uitz et al., 2000) , which migrate to the midline (Fig. 1Giii) where they coalesce to form the DA, become haemogenic and later produce HSCs (Fig. 1Giv) (Ciau-Uitz et al., 2000) .
Scl is required for the programming of adult haemangioblasts
The adult haemangioblasts of the DLP represent the earliest identifiable precursors to haemogenic endothelium and haematopoietic cells derived from the haemogenic endothelium. How these precursors are specified is poorly understood, although we have previously shown the ETS TFs Fli1 and Etv6 to be crucial Ciau-Uitz et al., 2010b) . To better understand haemangioblast programming, we carried out a timecourse of expression for blood and endothelial regulators in the DLP
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The adult haemangioblast GRN (Fig. 2A) . This analysis revealed four discrete steps in adult haemangioblast development: (1) the first genes expressed at stage 20, in agreement with a position at the top of the hierarchy , are Fli1 and Gata2 together with the VEGFA receptor, Flk1; (2) by stage 22 the ETS TF Etv2 has also been turned on; (3) many more genes are activated at stage 24, including Etv6 and its target, VegfA, as well as Scl and Lmo2; (4) finally, at stage 26, the full complement of blood and endothelial genes known to be expressed in the DLP before migration are expressed, suggesting that haemangioblast programming may have reached completion (Fig. 2A) .
Scl is essential for HSC development (Porcher et al., 1996; Robb et al., 1996) and its expression marks the emergence of primitive haemangioblasts from Flk1+ cells differentiated from mouse embryonic stem cells (ESCs) (Chung et al., 2002; Park et al., 2004) . Consistent with these observations, zebrafish Scl has been shown to be required for dorsal aorta as well as blood development in vivo (Patterson et al., 2005) . Emergence of the blast colony-forming cell (BL-CFC), previously thought to be the in vitro equivalent of the primitive haemangioblast in the differentiating mouse ESC system but more likely to represent an early mesodermal precursor, does not require Scl (D'Souza et al., 2005) . However, in the absence of Scl, this BL-CFC only has the potential to form smooth muscle at this point in its development, consistent with Scl specifying blood and endothelial potential from these cells. It therefore appears that Scl is crucial for both blood and endothelial development, acting at the stage when (A) Bar chart summarising the haematopoietic (magenta and red) and endothelial (green) expression hierarchy in the DLP reveals that adult haemangioblast programming takes place in four discrete transcriptional steps. Expression profiles were obtained by analysis of embryos subjected to wholemount in situ hybridisation. Stages of development by morphological traits (NF) and hours post fertilisation (Hpf ) are indicated at the top and are as indicated by Nieuwkoop and Faber (Nieuwkoop and Faber, 1967 progenitors with blood and endothelial potential are being generated. However, the function of Scl in adult haemangioblasts has not been investigated because of the hitherto non-availability of the population for study in ESC cultures or in embryos.
To investigate the role of Scl in adult haemangioblast development, Scl was depleted using a translation-blocking morpholino oligonucleotide, Scl MO (supplementary material Fig.  S2A ). Western blot analysis indicates that this Scl MO efficiently blocks endogenous Xenopus Scl production when injected into embryos (Scl, supplementary material Fig. S2B ) but does not block the translation of exogenous Scl protein produced from an mRNA without the Scl MO target sequence (2xHA-SCL, supplementary material Fig. S2B ). Furthermore, this MO efficiently blocks the development of the primitive erythroid programme in the ventral blood island (supplementary material Fig. S2C ). When adult haemangioblast specification was analysed, we found that most of the genes initiating expression at stage 24, when Scl is activated, or later, were absent in the DLP of Scl morphants (Fig. 2B) . Consistent with a crucial role for Scl and its targets in programming the HSC, no Runx1 or Gfi1a staining was seen in the DA later (Fig. 2C) . In contrast to these Scl-dependent genes, the upstream regulators of Scl transcription, Etv6 and VegfA (Ciau-Uitz et al., 2010b), were unaffected in Scl-depleted embryos (Fig. 2D) . Likewise, as expected from their expression before Scl, Fli1, Gata2, Flk1 and Etv2 expression was also unaffected in Scl morphants (Fig. 2D) . Interestingly, the expression of Scl itself was downregulated in the DLP but not in neurons or the ventral blood island, suggesting an autoregulatory loop specifically operating in the DLP haemangioblast (Fig. 2B) .
Scl therefore marks the generation of the haemangioblast in the DLP, is required for the activation of a number of genes essential for blood and endothelial development, and is thus essential for adult haemangioblast programming.
Etv6 and thereby VEGFA expression in adult haemangioblasts is dependent on Fli1 and Gata2
Because Scl is a key regulator of adult haemangioblast programming, we next investigated how Scl is itself regulated at the transcriptional level. We have previously shown that Fli1 regulates Gata2 expression in the DLP and that both of them are required for Scl expression . More recently, we have shown that both autocrine and paracrine VEGFA signalling is essential for Scl activation in the DLP, and that VegfA expression in both cases is controlled by the ETS TF Etv6 (Ciau-Uitz et al., 2010b) (supplementary material Fig. S1C ). We therefore wanted to clarify the epistatic relationships between Fli1/Gata2 and Etv6/VEGFA. To this end, embryos injected with Etv6 MO or VEGFA MO were probed for Fli1, Gata2 and Flk1 expression (Fig. 3A) . As previously reported, none of these genes were affected in the DLP of Etv6 or VEGFA morphants even though Scl expression was abrogated in the same experiment (Fig. 3A) (CiauUitz et al., 2010b) (data not shown), indicating that Etv6/VEGFA are either acting in parallel to Fli1/Gata2 or downstream of them. To investigate whether Etv6/VEGFA are regulated by Fli1 and Gata2, their expression was analysed in Fli1 and Gata2-deficient embryos. Our results show that Etv6, VegfA and Scl expression in the DLP are absent in both Fli1 and Gata2 morphants (Fig. 3B ). In the same experiment, we confirmed that Gata2 expression in the DLP is dependent on Fli1 (Fig. 3B) . We have, therefore, established that Fli1 regulates Etv6, VegfA and Scl expression, possibly in part through Gata2. These data reinforce the position of Fli1 at the top of the adult haemangioblast transcriptional hierarchy.
RESEARCH ARTICLE Development 140 (12)
The establishment of cell-autonomous VEGFA signalling in adult haemangioblasts is dependent on paracrine VEGFA signalling from the somites Together with Fli1 and Gata2, Flk1 is at the top of DLP expression hierarchy ( Fig. 2A) and it is also required for Scl expression (CiauUitz et al., 2010b). In ESCs (Lugus et al., 2007) and endothelial cells (Mammoto et al., 2009 ), Flk1 expression is controlled by Gata2. Here we show that Flk1 expression is not initiated in the DLP of Gata2 morphants ( Fig. 3B ; Table 1 ); and, in agreement with Gata2 regulation by Fli1, Flk1 is also absent in the DLP of Fli1-deficient embryos (Fig. 3B) . Thus, consistent with their position at the top of the adult haemangioblast transcriptional hierarchy, Fli1 and Gata2 control the expression of both VegfA and its receptor, Flk1, in the DLP mesoderm. Analysis of Flk1 morphants showed that Etv6 and VegfA expression in the DLP is absent (Fig. 3C) . Absence of Etv6 expression in VegfA-deficient embryos confirmed that VEGFA signalling is required for Etv6 expression in the DLP (Fig. 3C) . We have previously reported that both endogenous and paracrine VEGFA (from the adjacent somites) are required for Scl expression in the DLP, and that both endogenous and paracrine VegfA expression are controlled by Etv6 (Ciau-Uitz et al., 2010b) (supplementary material Fig. S1C ). Analysis of VegfA expression in Etv6 morphants shows that VegfA expression in the somites is initially almost completely dependent on Etv6 expression (stages 20 and 22; Fig. 3D ). Later, by stage 24, VegfA expression in the somites has partially recovered but it is still insufficient for VegfA activation in the DLP (Fig. 3D) . Taken together, our results strongly indicate that paracrine VEGFA signalling before stage 24 of development is essential for the establishment of endogenous VEGFA signalling in the DLP. In summary, establishment of Flk1 expression in the DLP and production of VEGFA in the somites are the first essential steps in the genetic cascade programming adult haemangioblasts in the DLP mesoderm (Fig. 3E ). These data demonstrate the importance of VEGF ligand/receptor interactions between the DLP and adjacent somites.
Etv2 regulates Scl expression in adult haemangioblasts in synergy with Etv6/VEGFA
In recent years, the ETS TF Etv2 has emerged as a major regulator of yolk sac haematopoiesis and endothelial cell development in the mouse (Lee et al., 2008; Kataoka et al., 2011) . In zebrafish and Xenopus embryos, however, although Etv2 is essential for vascular and primitive myeloid development, it is not required for primitive erythroid development (Sumanas and Lin, 2006; Sumanas et al., 2008; Salanga et al., 2010) . Nevertheless, Etv2 can rescue both haematopoietic and vascular development in zebrafish cloche mutant embryos (Xiong et al., 2008) , suggesting that its role in erythroid development may be covered by another member of the family in zebrafish. The precise role played by Etv2 in the emergence of HSCs is currently unknown beyond the complete lack of blood vessels, including the DA, in Etv2-deficient embryos. We have shown that Etv2 is expressed in the DLP and that its expression initiates after Flk1 but before Etv6 expression ( Fig. 1 ; Fig. 2A ), suggesting that it may play a role in adult haemangioblast programming. Indeed, Scl expression, together with the expression of the transcriptional targets of Scl (Egr1, Elk3, Flt1, Flt4, Egfl7) , was found to be absent in the DLP of Etv2 morphants (Fig. 4A) . In addition, expression of the Scl haemangioblast partner Lmo2 (Patterson et al., 2007) is also dependent on Etv2 (Fig. 4A) . Thus Etv2 is an essential regulator of adult haemangioblast specification and HSC programming.
As Etv6 is also a key regulator of Scl expression in the DLP, we investigated the epistatic relationship between Etv2 and Etv6. Interestingly, although Etv2 is expressed before Etv6 in the DLP ( Fig. 2A) , expression of both Etv6 and VegfA were unaffected in the DLP of Etv2 morphants (Fig. 4A) . Furthermore, Etv2 expression was largely unaffected in Etv6-and VegfA-depleted embryos (Fig. 4B) , indicating that Etv2 expression in the DLP is largely independent of VEGFA signalling. This conclusion was further confirmed when Etv2 expression was assessed in Flk1-depleted embryos. In these morphants Etv2 expression initiated at the correct stage of development and only a slight decrease in its expression levels was observed (Fig. 4B) . Etv2 has been reported to regulate Flk1 expression in mouse, zebrafish and Xenopus (Lee et al., 2008; Sumanas and Lin, 2006; Salanga et al., 2010) . Here we have shown that Etv2 expression in the DLP initiates after Flk1 ( Fig. 2A ; supplementary material Fig. S2 ), and therefore Etv2 appears dispensable for Flk1 activation; nevertheless, we wondered whether Etv2 is required for Flk1 maintenance. However, Flk1 expression in Etv2-deficient embryos is unaffected (Table 1 ; Fig. 4; supplementary 
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The adult haemangioblast GRN material Fig. S3) ; thus, Flk1 and Etv2 show no interdependent regulation during adult haemangioblast programming and therefore the Flk1 downregulation at later stages of development (Salanga et al., 2010) (supplementary material Fig. S3 ) is likely to be due to a complete lack of vascular endothelial cells. Therefore, both Etv2 and Etv6 are required for Scl expression, but they appear to control parallel genetic cascades that synergistically activate Scl in the DLP.
We have shown that Etv2 transcriptional activation in the DLP is predominantly independent of VEGFA signalling. To investigate whether Fli1 or Gata2 is involved in Etv2 regulation in the DLP, Etv2 expression was assessed in Fli1 and Gata2 morphants. Etv2 expression was absent at stages 22 and 24 (Table 1 ; supplementary material Fig. S4 ) and still significantly downregulated at stage 26 in the DLP of both Fli1 and Gata2-deficient embryos (Fig. 4B) . This indicates that Fli1 regulates Etv2, possibly through Gata2. This further confirms that Fli1 together with Gata2 act at the top of the adult haemangioblast TF hierarchy and that they control haemangioblast programming by activating both VEGFAdependent and VEGFA-independent pathways. 
Etv2 regulates Scl through the maintenance of Gata2 expression
So far we have demonstrated that Fli1 and Gata2 are hierarchically upstream of Etv2. In agreement with this, Fli1 expression in the DLP of stage 26 Etv2 morphants was unaffected (Fig. 4A) . Surprisingly, however, Gata2 expression at stage 26 was completely dependent on Etv2 (Fig. 4A) , indicating that Fli1 was no longer sufficient for Gata2 expression. We reasoned that this could be explained if Gata2 is initially regulated by Fli1 during the early stages of haemangioblast specification but becomes dependent on Etv2 in the later stages of haemangioblast programming. Therefore, we carried out a timecourse of Gata2 expression in Etv2 morphants and indeed found that Gata2 expression in the DLP initiates normally, and that it is expressed up to stage 24 in the DLP of Etv2-deficient embryos but that expression was no longer detected by stage 26 (Fig. 4C) . Thus, it appears that Fli1 is crucially important for the initiation of the adult haemangioblast programme, activating Gata2 and together regulating Flk1 and Etv2 in the DLP (Fig. 4D) . After stage 24, Gata2 becomes dependent on Etv2, even with sustained Fli1 expression. Finally, Etv2 is essential for Gata2 maintenance and Scl expression, as well as for that of the Scl haemangioblast partner Lmo2 (Fig. 4D) , and thereby for the programming of adult haemangioblasts.
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The GRN controlling adult haemangioblast programming The synergistic relationships worked out above are summarised in Table 1 and can be represented using a network diagram (Davidson, 2010) (Fig. 5) . The timing and tissue of first expression are denoted by the position of the gene on the page, whereas its inputs into downstream targets are depicted by arrows. Where two gene products need to interact to influence the downstream gene, as for VegfA and its receptor, Flk1, or Scl and Lmo2, their output lines converge on chevrons or a circle, respectively. Most genes appear once in the diagram, the exceptions being Etv6 and VegfA, which are expressed in both somites and the DLP, and Gata2, which is duplicated at the stage when its expression control switches from Fli1 to Etv2. The GRN presented in Fig. 5 shows that, in the DLP itself, Fli1 sits at the top of the TF hierarchy and that some of its activity might be mediated by its downstream target, Gata2. To confirm this, a hormone-inducible form of Gata2, Gata2FL-GR-HA, was coinjected with Fli1 MO; Gata2FL-GR-AH was activated at stage 20 and Flk1, Etv2 and Scl expression in the DLP was analysed at stages 22, 24 and 26, respectively (supplementary material Fig. S5 ). Although Gata2 could rescue Scl expression in the ventral blood 
island to some extent (arrowheads), expression of Flk1, Etv2 and Scl could not be rescued in the DLP (supplementary material Fig.  S5 ). Together with the results presented above, these indicate that Gata2, although required for gene expression in the DLP, is not sufficient, and that synergy between Fli1 and Gata2 is required for adult haemangioblast programming. To further confirm the interactions presented in Table 1 , qPCR analysis was carried out on excised DLPs from stage 26 Fli1, Gata2 and Etv2 morphants (supplementary material Fig. S6 ). Particular attention was paid to the less than all-or-nothing effects, represented by downwardpointing arrows in Table 1 . The qPCR data, however, confirmed the impacts on expression indicated in Table 1 , further supporting the GRN presented in Fig. 5 . Confirmation that the genetic interactions presented in the GRN are direct will require biochemical analysis, using methods such as chromatin immunoprecipitation sequencing (ChIP-seq), which will require purification of large numbers of cells, something difficult to achieve currently in developing embryos. Nevertheless, close temporal monitoring of gene expression in normal and depleted embryos strongly suggests that most of the targets depicted in the diagram are direct. For example, Fli1 and Gata2 both initiate expression at stage 20, and loss of Fli1 prevents initiation of Gata2 expression. Such a direct interaction has support in the literature: several ETS-binding sites have been described in the regulatory sequences of Gata2, which are required for its expression in endothelial and blood cells (Pimanda et al., 2007) , and Fli1 is the only ETS TF expressed in the DLP at this stage of development
2639
RESEARCH ARTICLE
The adult haemangioblast GRN ( Fig. 1; supplementary material Fig. S1 ), making it the only ETS TF available to activate Gata2. Similar timing arguments can be made for Gata2 and Flk1, and Fli1 and Flk1, and these are supported in the literature by seven Gata-binding sites and two ETS-binding sites having been shown to be crucial for Flk1 expression (Kappel et al., 2000; Minami et al., 2004; Ishitobi et al., 2011) . Importantly, Gata2 has been shown to be required for Flk1 expression in endothelial cells and ESCs (Lugus et al., 2007; Mammoto et al., 2009 ) and, as already stated, Fli1 is the only ETS TF available at this stage of development. In the case of Gata2 and Etv2, when activating each other at different times, the maximum difference in their expression times is 2 hours, which is also likely to be too short for intermediate synthesis, especially for an organism that develops at low temperatures. In support of this, Gata-and ETS-binding sites are required for Etv2 expression in endothelial cells (Veldman and Lin, 2012; De Val et al., 2008) ; and Gata2 is the only Gata factor available for Etv2 activation and Fli1 the only ETS TF available. Finally, as Scl and Lmo2 require Etv2, which is required for contemporaneous Gata2 expression, the inputs of both into these genes are also likely to be direct, a conclusion supported in the case of Etv2 on Lmo2 by recent binding assays, albeit in the primitive haemangioblast (Koyano-Nakagawa et al., 2012) .
Such a network diagram is an efficient way of summarising regulatory information: the hierarchical positions of the regulators can be seen at a glance and the order of events can be clearly depicted. For the first time we can visualise the genetic programming of the adult haemangioblast and identify the roles played by key players. 
DISCUSSION
We describe a GRN for a population of cells in the LP mesoderm that contains precursors to the DA and the HSC: namely, adult haemangioblasts. The features of this GRN are described below, providing insight into the ontogeny of these cells and their derivatives, the DA and the HSC.
We have previously shown that the adult haemangioblast programme is dependent on VEGFA signalling driven by Etv6 in both the somites and the DLP itself (Ciau-Uitz et al., 2010b) . Here, by carrying out careful timecourses of expression in normal and knockdown embryos, we show that the signal from the somites precedes that within the DLP itself (Fig. 5) . Thus, VEGFA signalling from the somites is a key initiator of the haemangioblast programme in the adjacent LP mesoderm. An eventual response to this signalling is to establish VEGFA production in the DLP itself, rendering it cell autonomous. This cell-autonomous activity appears to be by a 'private' mechanism whereby VEGFA does not leave the cell, as also seen in HSCs (Ciau-Uitz et al., 2010b; Gerber et al., 2002) .
This GRN also clearly shows that, in parallel to the establishment of autocrine VEGFA signalling, a VEGFA-independent genetic cascade has to be established in order to programme adult haemangioblasts in the DLP. Etv2 and Gata2, driven by Fli1, play pivotal roles in this pathway which culminates with the activation, in synergy with the VEGFA-dependent pathway, of Scl. Critically, this Etv2/Gata2 regulatory loop also controls the expression of
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Development 140 (12) Lmo2, a key Scl partner in haematopoietic cells and in haemangioblast programming (Yamada et al., 1998; Yamada et al., 2000; Patterson et al., 2007) . Therefore, the VEGFA-independent pathway ensures that Lmo2 is in place to interact with Scl (Fig. 5 , red circle) and thus achieve adult haemangioblast programming. An important requirement for the early programming of the adult haemangioblast by VEGF is the expression of its receptor, Flk1, which enables the cells to respond. We have shown that the expression of this gene is dependent on Fli1 together with Gata2 ) (this study). Fli1 is also at the top of the VEGFindependent pathway, so clearly it is important to determine how Fli1 expression is initiated in the DLP.
Many genes expressed in blood and endothelium contain ETSbinding sites in their regulatory regions (Dejana et al., 2007; Sato, 2001; Wilson et al., 2010) . The GRN presented here reveals crucial and distinct roles, despite sharing a common binding sequence, for three ETS factors: namely Fli1, Etv2 and Etv6. Fli1 is the master regulator controlling both VEGF-dependent and VEGFindependent responses, whereas Etv6 drives VEGF production in both the somites and the DLP, with Etv2 being crucial for Lmo2 and maintenance of Gata2 expression in the VEGF-independent pathway to Scl expression. Thus, these three ETS factors control key check points in the two synergistic regulatory paths to Scl and thereby the full haemangioblast programme. Further ETS factors are turned on as part of this programme.
The epistatic relationship between Flk1 and Etv2 in haemangioblast development has been unclear. Both Flk1-deficient (Shalaby et al., 1995) and Etv2-deficient (Lee et al., 2008) mice exhibit severe defects in blood and blood vessel development, suggesting that both may have essential functions in the generation of haemangioblasts. Etv2 was initially believed to function above Flk1 in the haemangioblast hierarchy, because Flk1 expression is absent in E7.5 Etv2-deficient embryos, and because Etv2 overexpression in ESCs increases the number of Flk1+ cells and blood and endothelium produced (Lee et al., 2008) . In zebrafish embryos, Flk1 is dependent on Etv2, and Etv2 overexpression induces Flk1 expression even in cloche mutants (Sumanas and Lin, 2006; Sumanas et al., 2008) . In Xenopus embryos, exogenous Etv2 can activate Flk1 expression in the presence of cyclohexamide, indicating that Etv2 directly activates Flk1 (Salanga et al., 2010) . However, more recently, it has been shown that VEGF potently induces Etv2 expression in Flk1+ ESderived cells , indicating that Flk1 is actually upstream of Etv2. Furthermore, during gastrulation in the mouse, whereas the number of Flk1+ cells is only modestly affected in Etv2-deficient embryos, Etv2 expression is severely reduced in Flk1-deficient embryos . Thus, a feasible scenario would be that VEGF is required for the initial expression of Etv2 but that continued expression of the VEGF receptor, Flk1, requires Etv2-positive feedback. All these observations relate primarily to the primitive haemangioblast, but, where it has been looked at, the DA is missing in these defective embryos too. We demonstrate here that, during adult haemangioblast specification, although both Flk1 and Etv2 are regulated by Fli1 and Gata2, they do not regulate each other. Our results indicate that Flk1 and Etv2 regulation may only become interdependent after adult haemangioblasts are specified and that the loss of Flk1 expression in Etv2-deficient embryos is due to the absence of endothelial cells (supplementary material Fig. S3) .
A conserved feature of vertebrate developmental haematopoiesis is the emergence of HSCs from haemogenic endothelium localised in the ventral wall of the DA (reviewed by Medvinsky et al., 2011) . Network summarising the genetic interactions programming adult haemangioblasts in the DLP as determined by MO knockdown. Strikingly, somitic VEGFA is absolutely essential for Flk1 receptor activation in haemangioblast precursors; this activation results in the establishment of endogenous, cell-autonomous VEGFA signalling. Importantly, Scl expression and haemangioblasts cannot be specified unless this endogenous VEGFA signalling synergises with a VEGFA-independent pathway controlled by Fli1 and Etv2. The timing and tissue of expression is denoted by the position of the gene on the network, whereas its relationships with genes expressed at the same time or later is depicted by an arrow from the regulating gene to the regulated gene. Arrows with chevrons indicate the interaction between VEGFA and its receptor, Flk1. P indicates paracrine VEGFA signalling, whereas A indicates endogenous autocrine signalling. The red circle represents the formation of a wellcharacterised protein complex between Scl and Lmo2. RESEARCH ARTICLE The adult haemangioblast GRN However, the location of the LP mesodermal precursors giving rise to both DA haemogenic endothelium and bone marrow HSCs has not yet been determined. In this work we describe the presence of adult haemangioblasts in the LP mesoderm and characterise their genetic programming. Our analysis demonstrates that key haematopoietic TFs, such as Fli1, Gata2, Etv6, Etv2 and Scl, are crucially required for this programming. Misprogramming of these adult haemangioblasts disrupts HSC emergence in the DA, strongly suggesting that the first crucial step in the generation of HSCs is the programming of adult haemangioblasts. Characterisation of this cell population is therefore essential to understand how HSCs are first generated. The GRN presented here will act as a seed network for future studies. As new regulators are discovered they can be grafted on to this framework.
